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The objective of this paper was to develop a simplified process to create engine 
performance maps using tractor test data and theoretical modeling techniques. 
Performance maps for industrial engines can greatly simplify the process of matching 
engines to their various applications in the most economical way. However, a common 
performance graph supplied by a manufacturer typically only includes a single 
performance curve across the range of an engine’s operating speed. The single curve is 
good for some applications but lacks the needed performance detail at operating 
conditions other than shown on the performance curve. Extensive testing and resources 
are required to obtain performance curves at other load conditions. The application of 
engine performance modeling techniques can save much of the extensive amounts of time 
and resources required to obtain this data through testing. The results of this research 
show that tractor performance data can be accurately modeled and adjusted to create 
engine performance maps. This research also shows how these performance maps can be 
applied to update the diesel portion of the Nebraska Pumping Plant Performance Criteria 
(NPPPC). The NPPPC was established and is maintained by the University of Nebraska 
and has been a useful tool to evaluate irrigation pumping plants’ performance for over 50 
years. The NPPPC is a summary of the operating efficiency of all of the components in a 
pumping plant that create or transmit power. The NPPPC contains criteria for diesel, 
electricity, gasoline, natural gas, and propane powered pumping plants. The focus of this 
research was to update the diesel engine portion of the criteria. The results of this 
research, shows that the diesel portion of the NPPPC should be increased from 3.27 kWh 
L-1 to 3.36 kWh L-1. As farmers and operators adjust their systems to meet the higher 
standard they can potentially save $1000s of dollars over the life of an engine.  
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Introduction 
 Performance maps are a common method used to convey engine performance 
information within the operating limits of each respective engine. Typical performance 
maps express fuel efficiency in brake specific fuel consumption (BSFC). BSFC expresses 
fuel efficiency in units of g kW-1 hr-1 (lb hp-1 hr-1). BSFC is the result of dividing the 
mass fuel flow rate by horsepower. On a performance map the BSFC varies with each 
combination of torque and engine speed. Goering et al. (2003) explains that a typical 
method used to create a performance map is to measure performance data at hundreds of 
evenly spaced values of torque and speed over the operating limits of the engine. The 
Society of Automotive Engineers (SAE) developed a standard for creating a performance 
map in standard J1312 (SAE, 1995). Goering et al. (2003) further states that the use of 
theory can greatly simplify the process of creating a performance map. Goering et al. 
(2003) developed a theoretical model for predicting engine performance based on the 
idea that theoretical models can simplify the process of creating performance maps.  
In addition to Goering et al. (2003), others have explored and developed modeling 
techniques which can use less than a hundred data points to predict the full spectrum of 
an engine’s performance (Jahns et al. 1990 and de Souza et al. 1990). This paper explores 
the accuracy of these modeling techniques and applies one of these techniques to create 
performance maps through the use of tractor test data from the Nebraska Tractor Test 
Laboratory (NTTL).  
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Once diesel engine performance maps are developed in the first chapter of this 
paper, they are applied to updating the diesel portion of the Nebraska Pumping Plant 
Performance Criteria (NPPPC) in the second chapter. The NPPPC is a criterion that was 
developed initially by University of Nebraska professors’ Schleusener and Sulek in 1959 
(Schleusener and Sulek, 1959). The NPPPC is a performance reference value formulated 
from combinations of field and laboratory engine performance data. The result is a single 
value for each of the main power/fuel types used to power irrigation systems. A farmer or 
operator can reference the values within the NPPPC to determine how well their 
respective engine/pumping plant is operating compared to others in the state and 
surrounding region. Dorn et al. (1981) updated the diesel portion of NPPPC to reflect 
newer more efficient pumping plants. However, there is evidence suggesting that the 
diesel portion of the NPPPC needs to again be updated. The performance maps developed 
in Chapter 1 provide the information needed to update the diesel portion of the NPPPC.   
To summarize, Chapter 1 compares several modeling techniques and identifies 
the most accurate modeling technique. Chapter 2 applies the selected modeling technique 
to update the diesel portion of the NPPPC to reflect the improved efficiency of newer 
engines. 
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Chapter 1 
	  
APPLYING DATA FROM THE NEBRASKA TRACTOR TEST 
LABORATORY TO PREDICT BARE DIESEL ENGINE 
PERFORMANCE 
J. K. Keller, W. L. Kranz, R. M. Hoy, D. L. Martin 
1.1 Abstract 
 The objective of this research was to demonstrate how tractor performance data 
from the Nebraska Tractor Test Laboratory (NTTL) and engine modeling techniques can 
be used to simplify the process of developing more wide-ranging performance maps for 
bare engines. Performance maps for industrial engines can greatly simplify the process of 
matching engines to their various applications in the most economical way. However; a 
common performance graph supplied by a manufacturer typically only includes a single 
performance curve across the range of an engine’s operating speed, for one level of load. 
The single curve is good for some applications but lacks the needed performance detail at 
operating conditions other than shown on the performance curve. Extensive testing and 
resources are required to obtain performance curves at other load conditions. The 
application of engine performance modeling techniques can save much of the extensive 
amounts of time and resources that would normally be required to obtain this data 
through testing. Three modeling techniques were explored in this study (Goering et al. 
2004, de Souza et al. 1990, and Jahns et al. 1990). The results of this research showed 
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that on average the models created by Goering et al. (2004) predicted engine 
performance with a mean square error of less than 0.0006. The next closest modeling 
technique averaged greater than .0300. The Goering modeling technique outperformed 
the other techniques for all sets of data tested. Goering’s model in turn was used to create 
performance maps for nine tractor models for which the necessary manufacturer 
information were available. 
Keywords: Engine performance, Diesel performance modeling, Brake specific fuel 
consumption 
1.2 Introduction 
The first diesel engine was built and patented by Rudolf Diesel (Diesel, 1898). 
Since that time improvements in technology and manufacturing techniques have 
significantly improved the operating efficiency of diesel engines (Grisso et al., 2004). 
Understanding the parameters that influence engine fuel economy is critical to properly 
matching an engine to an application. The primary performance/efficiency that was 
explored in this research was the conversion of chemical energy (fuel) into mechanical 
energy (power), which is expressed in terms of specific fuel consumption (g kW-1 h-1). 
The definition of specific fuel consumption is dependent on where horsepower is 
measured. Brake specific fuel consumption (BSFC) is a measure of efficiency with 
respect to power available at the flywheel of a reciprocating engine. The power take off 
specific fuel consumption (PSFC) describes the efficiency of the power produced at the 
power take off (PTO) of a tractor. There are several other locations/conditions that 
horsepower can be referenced when determining specific fuel consumption, but BSFC 
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and PSFC are the most common for tractor and engine specific fuel consumption 
(Goering et al. 2003).  
In this research the term “bare engine” is regularly used. For this research a bare 
engine includes only the components that are required to keep an engine running. 
Components such as the radiator, fan, water pump, oil pump, fuel pump, and alternator 
would all be included on a bare engine.   
For a given engine, the BSFC will vary over its range of operating speeds and 
loads. To better understand the performance of a given engine, manufacturers, dealers, 
and end users sometimes construct engine performance maps. A performance map is a 
graphical display of constant BSFC contours over the speed and load limits under which 
an engine could be operated. An example of a performance map is shown in Figure 1 
(Goering et al., 2003). Figure 1 also includes a range of horsepower contours, which are 
sometimes included in a performance map. Access to and the implementation of engine 
performance maps can have a significant impact on the efficiency of an engine 
application. One of the main reasons most users/operators don’t have a performance map 
created for their respective engine applications is because creating a performance map 
requires extensive time and resources. The Society of Automotive Engineers (SAE) 
developed a standard showing the detail of what is required to create a performance map 
(SAE,1995).	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Figure 1. Example of BSFC contours in a performance map. This map is for a Ford 5000 
(Goering et al., 2003).  
	  
Engine manufacturers generally supply a performance curve for each of their 
engine models to give a general idea of how engines should perform at a given 
percentage of maximum engine loads. Each curve shows the performance of an engine 
over the range of operating speeds at a single percentage of the maximum load. An 
example of a typical performance curve is shown in Figure 2 (John Deere, 2013). When 
comparing a performance map to a performance curve it is obvious that performance 
maps contain more engine performance information. The additional information included 
in a performance map is critical to have if an engine is to be set up to operate at its 
highest efficiency at engine loads outside of the one displayed on the manufacturer’s 
curve. The goal of this research was to simplify the process of developing a performance 
map by using mathematical models and tractor test data that is publicly available from the 
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Nebraska Tractor Test Laboratory (NTTL), operated by the University of Nebraska-
Lincoln, Lincoln, NE, USA.  
Previous researchers have utilized tractor data to explore concepts related to 
tractor and engine performance and used mathematical models to predict engine 
performance. Grisso et al. (2004) examined the accuracy of several equations developed 
by the American Society of Agricultural Engineers (ASAE) to estimate annual fuel 
consumption in tractors. Through the use of the NTTL tractor test data, updated equations 
were developed to estimate annual fuel usage at reduced engine speeds. Grisso et al. 
(2004) sought to estimate the average fuel consumption over a period of time (annual 
usage or usage for a particular field operation). In addition, Grisso et al. (2004) developed 
linear PSFC functions of equivalent PTO power. The Grisso et al (2004) model 
adequately predicted fuel efficiency for specific functions over a period of time, but was 
not developed to give BSFC values for individual combinations of torque and speed. In 
addition, this model treats specific fuel consumption as a linear function of torque and 
speed. There are two reasons why this assumption is inaccurate. First, most tractors do 
not have a PSFC that is linearly related to torque and speed (See fig. 2). Second, the same 
power can be calculated at multiple torque and engine speed combinations. In contrast, 
Figure 2 provides a typical performance curve for a John Deere Power Tech E diesel 
engine, and shows graphically how two different combinations of torque and engine 
speed can produce the same BSFC. 
Grisso et al. (2008) also explored “fuel predictions for specific tractor models” 
using the NTTL tractor test reports. The Grisso et al. (2008) model used data points from 
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both tractor PTO and drawbar performance to estimate the model’s constants. This 
model predicted fuel rate as a function of speed and power ratios. The inclusion of this 
predictive modeling technique in this research was explored, but was not included 
because of the difficulty to transition this model to a form that was a function of torque 
and speed. The reason a model needs to be a function of torque and speed is to keep in 
line with the way that manufacturers express engine performance in their respective 
engine performance curves.  
The Nebraska Pumping Plant Performance Criteria (NPPPC) is another example 
of research conducted using the NTTL tractor performance data. The criterion represents 
the average performance of different energy source and pump combinations. The 
criterion was designed to represent the water horsepower-hours an operator can 
reasonably expect per unit of fuel (Schleusener and Sulek, 1959). The criteria originally 
used PSFC as an estimate for the diesel engine criteria. The original criterion, for diesel 
engines, was updated by Dorn et al. (1981) to bring the criterion in line with the criteria 
for engines powered by other fuel sources. The resulting outcome of the NPPPC is a list 
of values representing the amount of power that can be produced for a given unit of fuel 
(energy).	  
In addition to work through the NTTL, Celik and Arcaklioglu, (2004) used 
artificial neural-networks (ANN) to optimize the accuracy of an engine performance 
modeling technique. The ANN assisted in the selection of the constants in a performance 
model. With the help of MATLAB©, experimental data was used by Celik and 
Arcaklioglu (2004) to train and test their developed engine performance model. Similar 
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software can be purchased with Excel©, for a few hundred dollars. Since the objective of 
this study was to simplify the process of creating a performance map, it was decided to 
avoid methods that require the use of specialized software like MATLAB© or a 
purchased Excel© add-in.    
	  
Figure 2. A typical performance curve including torque, horsepower, and fuel 
consumption curves for a John Deere Power Tech E 104 kW @2400 rpm (John 
Deere, 2013). 
	  
De Souza et al. (1990), Goering et al. (2003), and Jahns et al. (1990) each 
developed models used to predict engine performance. All three models are a function of 
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at a minimum torque and engine speed. The technique used by Goering et al. (2003) 
uses additional parameters to create a performance model. This paper describes these 
three developed models and predicts bare engine performance using tractor performance 
data. Specific fuel consumption (SFC) is the unit that was used in this research to 
measure engine fuel economy. The most basic equation for calculating (SFC) is simply 
the ratio of fuel consumption rate and power output (Goering and Hansen 2004). 
SFC = M!  P!!          (1) 
M! is the fuel consumption rate g hr-1 (lb hr-1) 
P is the power kW (hp) 
P = 2 ∗ π ∗ Torque ∗ Speed  K!!  
 Torque= N-m (ft-lbs) 
 Speed= rpm 
 K= Unit constant=60,000 (33,000)  
Information from previous performance modeling research was used as a basis for 
comparing each model with NTTL data for a range of diesel engines. The objectives of 
this research were twofold with respect to applying engine performance models; 1) to 
demonstrate how NTTL PTO data can be used and adjusted to predict bare engine 
performance; and 2) to compare the modeling approaches to determine the most accurate 
modeling method for new diesel engines.           
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1.3 Methods and Materials 
Twenty-nine countries around the world adhere to standards that were established 
by the Organization for Economic Co-operation and Development (OECD) to verify 
tractor performance. As stated on their website, the Nebraska Tractor Test Laboratory 
(NTTL) is responsible for performing these tests on all tractors manufactured in the 
United States. The objective of the tests performed by the NTTL is to verify the 
performance of every part of the tractor that transmits power, which includes the PTO, 
the drawbar, hydraulics, and the 3-point hitch (if applicable). Of all of the tests performed 
on a tractor at the NTTL, the results from the PTO tests come closest to representing the 
actual engine performance. The PTO portion of the test includes measuring the 
performance of the PTO, at different combinations of speed and torque, while the tractor 
remains stationary (Hoy et al., 2012).  
Testing at the NTTL has included tractor models from at least 19 manufacturers 
in the United States. Consequently, the NTTL has accrued a large library of tractor test 
data from nearly all of the major international tractor manufacturers. Most of the engines 
used to power tractors are also applied to other applications requiring engine power such 
as generators, compressors, and irrigation pumping installations.  
There are many parameters that are measured when a tractor test is performed and 
not all are necessary to estimate engine performance. The parameters needed for this 
research included the PTO specific fuel consumption (PSFC), fuel density at the time of 
the test, engine speed, and the engine torque (or load). These parameters are important 
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because they account for the energy going in to the system (fuel) and the useful work 
coming out (torque and speed). (Goering et al. 2003).  
Several methods have been developed to model engine performance. Three 
modeling approaches were selected as viable options to predict engine performance 
because they each are a function of torque and engine speed (Goering et al. 2004, de 
Souza et al. 1990, and Jahns et al. 1990). Before presenting each of these models it is 
important to note that brake thermal efficiency (𝜂!) and brake specific fuel consumption 
(BSFC) are both units used to describe the amount of work that can be produced by a 
given amount of fuel in an engine. The relationship between BSFC and 𝜂! is, 
 BSFC = 𝐾!  (η! ∗ H!)!!  (Goering and Hansen, 2004)    
 (2) 
Hg = Heating value of diesel  kJ kg-1 (BTU lb-1).  
Ks = Unit constant: 3600 (2545) 
 
The first model was developed by de Souza et al. (1990) and is presented here as 
the de Souza model. The de Souza model is based on predicting brake thermal efficiency 
using torque and engine speed as shown in Equation 3: 
 
η! = C! + C!T+ C!N+ C!T! + C!T! + C!T! + C!N! + C!NT               
 (3) 
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 Where: 
 η!- Brake Thermal Efficiency 
 C1-C8 – Unique constants determined from empirical data for a given engine 
model. 
T- Torque N-m (ft-lb) 
N- Engine speed (rpm) 
 
A second model was developed by Goering et al. (2003) and was built to predict 
brake specific fuel consumption by utilizing torque, engine speed, and lower indicated 
efficiency parameters. The model developed by Goering et al. (2003) will be presented as 
the Goering model here and is represented by equation 4: 
 
BSFC = !"##!! 1 + !!"#!!"# !!!"# 1 + T!! B! + B! !!""" !! + B! !!""" !! + B! !!""" !! + B! !!""" !!       
(4) 
Where: 
 BSFC- Brake Specific Fuel Consumption kg kW-1 hr-1 (lb hp-1 hr-1) 
Pfme and Pbme– Friction and Brake Mean Effective Pressures – SAE Standard 
J1995 (SAE, 1995) states that if the mechanical efficiency is not known then 
the mechanical efficiency can be estimated to be 85%. The portion of the 
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equation, 1+ !!"#!!"#  is equal to !!"#$%&'#%(  !""#$#!%$&   = !!"%  (Goering and 
Hansen, 2004).  
eito – Average of the indicated efficiency at the lower 10% of the torque values 
(Goering et al. 2003). The indicated thermal efficiency is the ratio of indicated 
power and fuel equivalent power (Goering and Hansen, 2004).  
n and Bi- Constants specific to each engine 
Other variables were previously defined 
 
The complexity of Equation 4 is one of the first things that stand out as a potential 
issue. The equation contains parameters that are not readily available or easily measured 
and must in turn be estimated. In addition, the exponent “n” parameter is in a position 
that makes the relationship between the constants nonlinear, which can increase the 
complexity of solving for each constant. The complexity of this equation can also have 
the potential to increase its accuracy and precision if parameters are estimated correctly. 
Goering et al. (2003) developed their model as a chapter in “Off-Road Vehicle 
Engineering Principles” textbook. The purpose of the book was to break down the 
subsystems that make up a tractor or similar off-road vehicle. Chapter 5 of the book 
covers predicting engine performance (Goering et al. 2003). 
The last model evaluated in this research was developed by Jahns et al. (1990) 
and will be presented as the Jahns model represented by Equation 5. The Jahns model 
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was created using a computer simulation model that predicted the fuel use rate from 
torque and engine speed. By applying Equation 1 to Jahns’ model, fuel use rate can be 
converted from fuel rate to BSFC. The resulting equation is shown below: 
 
BSFC = !!! !!!!!!!!!!!!! ! !!!!!!!!!!!!! !! !!!!!!!!!!!!! !!!     (5) 
ao-a9 – Unique constants determined from empirical data for a given engine.  
Other variables were previously defined. 
 
Equation 5 is very simple in that it is a function of engine speed and torque, which 
is a characteristic shared with Equation 3. Since the constants in both Equation 3 and 
Equation 5 are linearly related to each other, the process of solving for each constant is 
relatively simple compared to the process of solving for constants that have a non-linear 
relationship like Equation 4. When referencing linear and non-linear relationships it is 
important to point out that this is not the relationship between the variables but the 
relationship between the constants. To solve for the constants, known values of BSFC, T, 
N, and P were used to estimate the constants for each engine model. Some of notable 
differences include the number of constants in each model, and the interaction of the 
constants with the engine speed and torque parameters. 
For each of the de Souza, Goering, and Jahns techniques, empirical data from 
each tractor model was required to solve for the unique constants of each respective 
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engine. Each tractor data set has an average of about seventy data points with which to 
work. However, the method of solving for the constants is different for each modeling 
technique. Since all of the constants in the de Souza and Jahns models are linearly related 
to each other, the regression tool found in the data analysis tab of Excel© software was 
used to determine the constants. The relationship of the constants in the Goering model 
are nonlinear because of the location of the constant “n” in the model, so the Excel© 
Solver tool was utilized (Equation 2). Excel© was used in this research because it is a 
widely available software for summarizing the data sets. Using Excel© helps to satisfy the 
goal of this research to simplify the process of creating a performance map. 
The next step, after determining each set of constants, was to adjust each model to 
predict engine performance instead of tractor PTO performance. To adjust the model 
from PSFC to BSFC, each model was compared to their respective engine performance 
curve. To make this comparison each model was used to predict BSFC at several torque 
and engine speed combinations used on the manufacturers’ performance curve. By taking 
torque values at evenly spaced intervals of engine speed within the operating envelope of 
the engine and applying a trend line, the performance curve was able to be recreated 
using each modeling technique. Next, the predicted curve for each engine is greater than 
the observed values from the performance curve, so the average difference between the 
two curves was calculated and subtracted from each predicted value to adjust the 
predicted curve downward to fit on top of the engine performance curve. The resultant 
model(s) was used to predict BSFC. Figure 3 shows an example this adjustment 
presented graphically. This graph is the manufacturer’s engine performance curve plotted 
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on top of the adjusted and unadjusted performance values predicted by the Goering 
model for the 6140D John Deere tractor. 
 
 
Figure 3. Predicted performance compared to manufacturer’s performance curve for the 
engine in the John Deere 6140D. 
	  
Once each model was adjusted to predict engine BSFC, the mean square error 
(MSE) was calculated to determine which modeling technique best predicted each 
respective engine performance curve.  
When selecting tractor models for this research each tractor was required to use a 
Tier III engine that was also available as an industrial engine. The requirement that the 
tractor has a Tier III engine was because at the time of this research Interim Tier IV 
engines were just being introduced and there were more Tier III tractor test reports 
available. Nine different tractor models were selected to test the accuracy of the different 
modeling techniques (Table 1). The data, tables, and figures displayed in this report are 
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for the engines used in the John Deere 6140D, 6330, and 7330 tractors (Hoy et al. 
2013). Similar figures and results were created for each of the tractor models listed in 
Table 1. Data sets for each of the models selected were supplied courtesy of the NTTL.  
The term “Tier” is the identification for the established regulation, which sets the 
limits of nitric oxides and particulate matter in the exhaust stream of diesel engines. 
Emissions regulation in the United States are established and maintained by the 
environmental protection agency (EPA, 2014). Engines manufactured to adhere to the 
most recent emissions standards either Interim Tier IV engines. 
 As noted previously a performance map is a graphical display of torque and 
engine speed at contours of constant BSFC. The models developed from each of the three 
techniques for the nine different tractors were used to predict BSFC for any combination 
of torque and engine speed. To convert any of the three models into a form that can be 
easily used to develop a performance map three actions must occur. First, the range of 
BSFC must be determined for a given engine. Next, the constant contour values included 
in the performance map for a given engine must be selected. Last, the selected model 
must be solved for torque. By solving the model for torque the model is in a form, which 
can be easily graphed with the torque on the vertical axis and the engine speed on the 
horizontal axis at constant contours of BSFC. To determine the BSFC range for a given 
engine, the BSFC is calculated at 5% intervals between 60-100% of maximum engine 
speed for both 50% and 100% of full engine load. The maximum and minimum 
calculated values are the BSFC limits. Next, evenly spaced values of BSFC were selected 
between the upper and lower limits of the BSFC. By plotting the torque and engine 
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speeds at each constant value of BSFC over the operating range of the engine a 
performance map was created for each engine. 
1.4 Results and Discussion 
 Appendix A contains all of the NTTL tractor test data for the nine tractors 
evaluated in this research. Tables 1-3 show the constants for each respective modeling 
technique as determined using the methods described previously. After applying these 
constants and making the adjustments to shift the curve to predict BSFC, the models were 
compared to determine which modeling technique was the most accurate. Table 4 shows 
the mean square error (MSE) of how closely each modeling technique predicted the 
manufacturer’s engine performance curve. In addition, Figure 4 shows the MSE in a bar 
graph display. To illustrate these values, Figure 5, Figure 6, and Figure 7 show the 
predicted curves from each modeling technique plotted side-by-side with the 
manufacturers’ engine performance curve. 
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Table 1. Constants developed to estimate PSFC using the de Souza modeling technique for nine 
John Deere tractor engines. 
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Table 2. Constants developed to estimate PSFC using the Goering modeling technique for nine 
John Deere tractor engines. 
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Table 3. Constants developed to estimate PSFC using the Jahns modeling technique for nine 
John Deere tractor engines. 
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Table 4. Statistical data results comparing the Goering, Jahns, and de Souza modeling techniques 
to each respective performance curve for the engines from nine different tractor models. 
Tractor 
Model 
Mean Square Error Engine  
de Souza[a] Goering[b] Jahns[c] Model, Power, and Rated 
RPM 
6100D 0.033 0.022 0.032 
4045 Power Tech E 74 
kW @ 2400 rpm 
6130D 0.155 0.017 0.049 4045 Power Tech E 93 
kW @ 2200 rpm 
6140D 0.131 0.025 0.034 4045 Power Tech E 104 
kW @ 2400 rpm 
6230 0.037 0.012 0.094 4045 Power Tech E 75 
kW @ 2400 rpm 
6330 0.220 0.006 0.485 4045 Power Tech E 86 
kW @ 2400 rpm 
6430 0.021 0.006 0.099 4045 Power Tech E 93 
kW @ 2400 rpm 
7230 0.100 0.024 0.171 6068 Power Tech E 104 
kW @ 2400 rpm  
7330 0.501 0.021 0.214 6068 Power Tech E 129 
kW @2200 rpm 
7430 3.397 0.270 0.596 6068 Power Tech E 138 
kW @2200 rpm  
Avg. 0.511 0.045 0.197  
[a] Model developed by de Souza et al. (1990) 
[b] Model developed by Goering et al. (2003) 
[c] Model developed by Jahns et al. (1990)
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Figure 4. The horizontal axis is the mean square error calculated for tractor models used 
to develop the constants for each of the modeling techniques (de Souza, 
Goering, and Jahns).  
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Figure 5. Published performance curve compared to predicted values produced by the de 
Souza, Goering, and Jahns models for the 6140D John Deere tractor. 
 
 
Figure 6. Published performance curve compared to predicted values produced by the de 
Souza, Goering and Jahns models for the 6330 John Deere tractor. 
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Figure 7. Published performance curve compared to predicted values produced by the de 
Souza, Goering and Jahns models for the 7330 John Deere tractor. 
 
The mean square error (MSE) shown in Table 4 indicates the accuracy of each 
modeling technique. The MSE shows that the Goering model most accurately predicted 
engine performance. Figures 5 to 7 graphically compare the predicted and published 
performance curves for three different tractor models. Each modeling technique had 
varying accuracy depending on the tractor test data set being used, but without exception 
the Goering model was more accurate at predicting engine performance. Based on these 
results the Goering model was selected as the method for predicting engine performance. 
The next step was to solve the Goering model for torque, which is shown in 
Equation 6 below.   
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 ΔBSFC – This is the difference between the BSFC of the tractor and the engine. 
 Other variables are used as defined previously. 
  
Engine speed values at every 100-rpm between the upper and lower limits of rpm 
were applied at several constant BSFC values. Plotting the torques and engine speeds at 
the different values of BSFC and connecting all of the points that share a common BSFC 
value with a trend line create a performance map. Table 5 shows two contour levels for 
the 6140D John Deere tractor model. One might notice that the two different BSFC 
contours don’t display the same range of engine speed. The operating envelope of the 
engine cuts off the 900-rpm level for the 207 g kW-1 hr-1 contour. By applying the 
operating envelope, from the manufacturer’s engine performance curve, the performance 
map can be completed. Figure 8-10 show the performance maps, including the 
application of the operating envelope, developed for the engines used in the 6140D, 6330, 
and 7330 John Deere tractor models. Performance maps for three of the nine different 
tractor models are provided as examples. 
All three models shared at least one thing in common they all predicted engine 
performance as a function of engine torque and speed. The Goering model also accounted 
for other parameters that were not functions of the equation, meaning they were not 
variables within the model. Though load and engine speed were the main factors used to 
estimate engine performance, they are not the only influential parameters. Other factors 
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such as air temperature, humidity, pressure, and elevation above sea level can influence 
operating efficiencies. For future development a model that also accounts for these other 
influential parameters would expand the number of applications and increase the level of 
accuracy of each respective model no matter the environment of operation.
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Table 5. Two BSFC contours used to develop the performance map for the engine in a 
John Deere 6140D tractor as predicted by the Goering model.	  
  Engine Speed Torque 
  RPM N*m Ft*lb 
219 (g/kW- hr) 
2400 608.0 448.4 
2300 583.9 430.6 
2200 561.7 414.3 
2100 541.9 399.7 
2000 525.1 387.3 
1900 512.0 377.6 
1800 503.7 371.5 
1700 501.3 369.7 
1600 506.5 373.6 
1500 521.7 384.8 
1400 549.8 405.5 
1300 593.9 438.0 
1200 656.1 483.9 
1100 731.8 539.7 
1000 792.4 584.4 
900 748.3 551.9 
225 (g/kW-hr) 
2400 515.8 380.4 
2300 495.3 365.3 
2200 476.5 351.4 
2100 459.7 339.1 
2000 445.4 328.5 
1900 434.4 320.4 
1800 427.3 315.1 
1700 425.2 313.6 
1600 429.7 316.9 
1500 442.6 326.4 
1400 466.4 344.0 
1300 503.8 371.6 
1200 556.6 410.5 
1100 620.8 457.9 
1000 672.2 495.8 
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Figure 8. Plotted engine performance over a range of engine speeds and torque loads for the 104 
kW Power Tech E John Deere engine used in the 6140D tractor (Goering Model 2003). 
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Figure 9. Plotted engine performance over a range of engine speeds and torque loads for the 86 
kW Power Tech E John Deere engine used in the 6330 tractor (Goering Model 2003). 
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Figure 10. Plotted engine performance over a range of engine speeds and torque loads for the 
129 kW Power Tech E John Deere engine used in the 7330 tractor (Goering Model 
2003).  
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1.5	  Conclusion	  	  
The three modeling techniques were compared to the manufacturer’s performance 
curve of nine engines using the mean square error. The mean square error showed that the 
Goering technique created the most accurate prediction of the engine performance maps.   
The diesel engine performance maps that were created using the Goering 
modeling technique and tractor test data provide an accurate and more cost effective 
alternative to the traditional procedure of developing an engine performance map. The 
aspired outcome of this research is that more diesel engine applications will utilize 
performance maps to optimize the fuel efficiency.  
This research does include limitations. Only nine tractor models were used to 
obtain the results of this study. More sample engines/tractors would improve the 
statistical power of the results. While the NTTL supplies the same data parameters for 
each tractor model test, each engine/tractor manufacturer does not provide the same 
amount of performance data for their respective engine. A shortage of engine 
performance data is an issue when using this approach since a performance curve or 
secondary data set is needed to shift the predicted model from PSFC to BSFC.  
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Chapter 2 
	  
Updating the Nebraska Pumping Plant Performance Criteria using 
Performance Modeling and Tractor Test Data 
J. K. Keller, W. Kranz, R. M. Hoy, D. L. Martin 
2.1 Abstract 
	   In order to reflect the higher operating efficiencies of newer irrigation pumping 
plant components, it is essential to periodically evaluate changes in performance 
standards. The Nebraska Pumping Plant Performance Criteria (NPPPC) was established 
in 1959 and is maintained by the University of Nebraska. The NPPPC has been a useful 
tool for farmers and operators to evaluate their irrigation pumping plants’ performance 
for over 50 years. However, the criterion for diesel was last updated in 1981. The 
objective of this paper was to reevaluate the diesel portion of the NPPPC through the use 
tractor test data from the Nebraska Tractor Test Laboratory (NTTL) and performance 
modeling techniques. The results of this research show that the diesel portion of the 
NPPPC should be increased from 3.27 kWh L-1 to 3.36 kWh L-1. As farmers and 
operators adjust their systems to meet the higher standard they can potentially save 
$1000s of dollars over the life of their respective engine.        
Keywords: Pumping Plant Performance, Irrigation Pump Efficiency, Diesel Performance 
Modeling 
 
2.2 Introduction  
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Scheusener and Sulek (1959) initially established the Nebraska Pumping Plant 
Performance Criteria (NPPPC), with updates by Dorn et al. (1981) to the diesel criterion. 
The motivation behind creating these criteria was to give farmers and operators a 
performance value that could reasonably be achieved by their pumping plant(s) but still 
helped them optimize fuel efficiency. Table	  6	  shows the different values that make up the 
existing NPPPC. There are two different values for each fuel type. The first value is the 
performance of the power supply including gear train loss, and is expressed in kilowatt-
hours per unit of fuel (kWh unit-1). The next value is the performance of the entire 
pumping plant, which includes all energy losses that result from the process of bringing 
the water to ground level, like the pump and pump column friction losses. This value 
does not include losses, which occur after the water reaches ground level. The units used 
to express the performance of the entire pumping plant are in water kilowatt-hours per 
unit of fuel (wkWh unit-1). The criterion for each fuel type was determined through the 
combination of the average operating performance of field-tested power units and the 
average peak performance of these same pumping plants.  
Dorn et al. (1981) updated the diesel section of the NPPPC from the original 1959 
criteria. Since the 1959 diesel criterion used PTO performance data, the criterion 
underestimated diesel engine performance. The extent of how far the diesel criterion was 
in error was evident by how many units in the field met or exceeded the criterion 
compared to that of other fuel types. Dorn et al. (1981) showed that, prior to the update in 
1981, diesel power units in the field met or exceeded the diesel criterion 43% of the time. 
The criterion for natural gas, propane, and electric power units had only about 10% of the 
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field-tested units that met or exceeded the criteria. Dorn et al. (1981) revised the diesel 
portion of the NPPPC so that about 10% of the diesel power units in the field would meet 
or exceeded the criteria.   
Table 6. Nebraska Pumping Plant Performance Criteria Dorn et al. (1981) 
	  	   	  	  
Energy	  
Content	  
Engine	  
Performance	  
Pumping	  Plant	  
Performance	  
Energy	  Source	   Energy	  Unit	  
MJ/kg	  
(BTU/unit)	  
kW-­‐hr/(unit(1))	  
(hp-­‐hr/unit)	  
WkW-­‐hr(2)/(unit(3))	  
(Whp-­‐hr/unit)	  
Electric	   Kilowatt-­‐hr	   N/A	   1.18(5)	  	   0.885	  
Diesel	   Liter	  (gal)	   32.2	  (138,690)	   3.27	  (16.6)	   2.46(4)	  (12.5)	  
Natural	  Gas	  
meters3	  
(1000	  feet3)	   38	  (1.02x106)	  
2341.1(7)	  
(88.9)	   1756.5	  (66.7)	  
Propane	   Liter	  (gal)	   22.2	  (95,475)	   1.81	  (9.2)	   1.36	  (6.89)	  
Gasoline(6)	   Liter	  (gal)	   29.0	  (125,000)	   2.27	  (11.5)	   1.71	  (8.66)	  
1	  KiloWatt	  hours	  (kW-­‐hr)	  is	  the	  work	  accomplished	  by	  the	  power	  unit	  including	  drive	  losses	  
2	  Water	  horsepower	  hours	  (whp-­‐hr)	  is	  the	  work	  produced	  by	  the	  pumping	  plant	  per	  unit	  of	  energy	  at	  the	  NPPPC	  
3	  The	  NPPPC	  are	  based	  on	  a	  75%	  pump	  efficiency	  
4	  Criteria	  for	  diesel	  revised	  in	  1981	  to	  2.45	  wkW-­‐hr/L	  
5	  Assumes	  88%	  electric	  motor	  efficiency	  with	  units	  kW-­‐hr/(kW-­‐hr)	  
6	  Taken	  from	  Test	  D	  of	  Nebraska	  Tractor	  Test	  Reports.	  Drive	  losses	  are	  accounted	  for	  in	  the	  data.	  Assumes	  no	  cooling	  fan.	  
7	  Manufacturer's	  data	  corrected	  fo	  5	  percent	  gear-­‐head	  drive	  loss	  and	  no	  cooling	  fan.	  Assumes	  natural	  gas	  has	  energy	  content	  
of	  1000	  Btu	  per	  cubic	  meter.	  
	  
Dorn et al. (1981) explains the reasons the update was necessary. First, over 
twenty years had passed since the original criteria had been established and there was 
evidence from tractor testing that engine performance had improved over that period of 
time. Secondly, the original criteria utilized a combination of tractor test data (primarily 
PTO specific fuel consumption) and field data to reach their respective criterion values. 
The diesel criterion established by Scheusener and Sulek (1959) only used tractor PTO 
performance data and never accounted for losses that occur in the PTO. According to 
Dorn et al. (1981) these losses can account for about 7.4% of the engine’s horsepower. It 
is also important to note here for future reference that the ASAE standard D467.4 states 
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that the losses that occur in the PTO account for an estimated 10% of the net power 
available at the flywheel (ASAE, 2003).  
Evidence has been found suggesting a need to reevaluate the diesel portion of the 
NPPPC. This evidence can be found in the increased efficiency of tractors over the past 
30 years and higher efficiencies seen in pumping plant testing done in other states and 
regions in the United States. Research performed by Grisso et al. (2004) established a 
modeling technique to predict tractor performance for different field operations. The 
results of his team’s research showed that between 1984 and 2004 tractor PTO specific 
fuel consumption (PSFC) increased by almost 5%.  
In addition to the work done in the state of Nebraska to develop the NPPPC, there 
has also been similar work conducted in other states, since 1981 that shows a steady 
improvement in pumping plant performance. Fipps et al. (1995) at Texas A&M 
performed extensive testing across the state of Texas to help show the amount of money 
that could be saved if users would “tune up” their pumping plants. The diesel testing 
performed by Fipps et al. (1995) shows that 41% of the pumping plants in their region 
met or exceeded the updated 1981 NPPPC for diesel engines. Testing similar to the 
NPPPC was also performed in North Dakota by Hla and Scherer, (2001). The data 
collected by Hla and Scherer, (2001) shows that of the units they tested, since 1981, 26% 
of them met or exceeded the NPPPC diesel criterion. A summary of both Fipps et al. 
(1995) and Hla and Scherer, (2001) is shown in figure 11.  
The reason these test results were not used in the results section of this paper was 
because the majority of the data was collected in the mid to early 1990’s. The focus of 
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this paper was to update the criterion to EPA Tier III engine standards. The research 
conducted by Grisso et al. (2004) and the data collected on pumping plants in other 
regions in the United States shows that diesel engine applications are improving with 
respect to fuel efficiency and in turn suggests a need to update the diesel portion of the 
NPPPC.    
We will be using the definition of specific fuel consumption (SFC) in kg hp-1 hr-1 
represented by the basic equation for specific fuel consumption (brake or PTO) as: 
SFC = M!  P!!   (Goering and Hansen, 2004)    (7) 
M! is the fuel consumption rate, kg hr-1 (lb hr-1) 
P is the power, kW (hp) 
 P = 2π ∗ T ∗ N ∗ K!"      !! 
T= Engine Torque, N-m (lb-ft) 
N= Engine Speed, (rpm) 
KRP= Unit Constant, 60,000 (33,000) 
The diesel portion of the Nebraska Pumping Plant Performance Criteria (NPPPC) 
can be updated by using the selected modeling technique from Keller et al. (2014) and 
verified using tractor PTO specific fuel consumption (PSFC) and the adjustments 
developed by Scheusener and Sulek (1959) and Dorn et al. (1981). Using the 
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combination of a theoretical model and tractor test data would eliminate the need to 
collect in-field pumping plant performance data for diesel powered pumping plants. 
 
	  
Figure 11. Comparison of the pumping plant performance tests results in North Dakota 
and Texas to the diesel portion of the existing NPPPC. Each bar represents the 
percentage of engines that were above or below the diesel portion of the 
existing NPPPC. 
	  
2.3 Methods and Materials 
Keller et al. (2014) evaluated three engine performance-modeling techniques to 
determine the most accurate method. A performance modeling technique developed by 
Goering et al. (2003) was statistically the most accurate of the techniques. Goering et al. 
(2003) built the model to predict brake specific fuel consumption (BSFC) by utilizing 
parameters like torque, engine speed, and lower indicated efficiency parameters. The 
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model developed by Goering et al. (2003) will be presented as the Goering model here 
and is represented by Equation 8: 
BSFC = !"##!! 1 + !!"#!!"# !!!"# 1 + T!! B! + B! !!""" !! + B! !!""" !! + B! !!""" !! + B! !!""" !!       
(8) 
Where: 
BSFC- Brake Specific Fuel Consumption, g kW-1 hr-1  (lb hp-1 hr-1) 
Pfme and Pbme– Friction and Brake Mean Effective Pressures – In Standard J1995 
from the Society of Automotive Engineers (SAE, 1995) states that if the 
mechanical efficiency is not known then the mechanical efficiency can be 
estimated to be 85%. The portion of the equation, 1+ !!"#!!"#  is equal to !!"#$%&'#%(  !""#$#!%$&   = !!"%  (Goering and Hansen, 2004). 
eito – Average of the indicated efficiency at the lower 10% of the torque values 
(Goering et al. 2003). The indicated thermal efficiency is the ratio of 
indicated power and fuel equivalent power (Goering and Hansen, 2004).  
T- Torque, N-m (ft-lb) 
N- Engine speed, rpm 
n and B0-B4- Constants specific to each engine 
Other variables were previously defined 
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The Goering model was applied to create performance models for nine diesel 
engine models, by using tractor performance data from the Nebraska Tractor Test 
Laboratory (NTTL). These models were then reconfigured so they predicted torque (T) as 
a function of BSFC and engine speed (N) for industrial engine installations. In this form 
the models were used to create performance maps for each respective engine/tractor 
model.  
To apply the techniques developed in Keller et al. (2014) to irrigation pumping 
plant performance, Equation 8 was used without adjustment to predict engine 
performance at contours of constant torque. To create these contours, the BSFC was 
calculated at 100, 90, 80, 70, 60, and 50% of maximum torque at engines speeds of 100, 
95, 90, 85, 80, 75, 70, 65, and 60% of maximum speed.  
The units for the diesel portion of the NPPPC are kilowatt-hours per liter (kWh L-
1). Grisso et al. (2010) identified kWh L-1 as specific volumetric fuel efficiency (SVFE). 
Taking the reciprocal of the SVFE and multiplying it by the density of the fuel, which is 
recorded on each NTTL tractor report, can convert it into BSFC. With both the criteria 
and the predictive model set to predict the same units; they can be compared using both 
numerical and graphical methods.  
One issue that arises when trying update the NPPPC is determining what 
percentage of full load should be used to best represent the type of torque loads that are 
typically seen in field applications. John Deere outlined the performance of each of their 
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engines in a brochure on their website. In the brochure the continuous horsepower of 
their engines ranges between 85 to 90 percent of full load (John Deere, 2012). As a result 
85% of full load was used to represent the load at which the criterion would be 
determined. Figure 12 gives an example of the difference between maximum and 
continuous horsepower for a typical John Deere engine performance curve.     
When selecting tractor models, each tractor needed to use a Tier III engine and 
have an engine that was also available as an industrial engine. The requirement that the 
tractor needed to have a Tier III engine was because at the time of this research Interim 
Tier IV engines were just coming out and NTTL data for Tier IV tractor had limited 
availability. 
The data, tables, and figures displayed in the results section used the John Deere 
6140D, 6330, and 7330 tractors model as examples. Similar figures and results were 
created for each of the tractor models listed in table 7.  
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Figure 12. Performance Curve for a John Deere's engines showing the about 10% 
different between Intermittent (maximum) and continuous power (John Deere, 
2012) 
 
When the NPPPC was originally established in 1959 and updated in 1981 both 
research teams used tractor PSFC data to establish/update the diesel criterion. They then 
verified the criterion by comparing the criterion to test data collected from pumping 
plants operating in Nebraska (Dorn et al. 1981). The main difference between the 1959 
and 1981 diesel criterion was that the 1959 criterion used raw PSFC to establish the 
diesel criterion and the 1981 update used an adjusted PSFC, which more closely 
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represented the BSFC of the engine. As mentioned previously, the PTO specific fuel 
consumption (PSFC) is the comparison of fuel consumption to the power produced at the 
engine PTO shaft and BSFC is a comparison of fuel consumption to the power produced 
at the flywheel of the engine. Dorn et al. (1981) estimated PSFC to be equal to 7.4% of 
BSFC. For this study, the 7.4% loss was applied to performance data from forty-one 
tractor models. The results were then compared to the results from the Goering model 
prediction to verify the proposed update to the diesel portion of the NPPPC.  
The objective of this paper was to update the diesel portion of the NPPPC to Tier 
III engine standards. So the tractor data used only included tractors with Tier III engines.  
2.4	  Results	  and	  Discussion	  	  
A table containing the Goering Model constants for the nine different tractor 
models evaluated is shown in Table 7 (Keller et al. 2014). With a developed performance 
equation for each tractor model, predictions were developed at the torque and engine 
speed intervals previously outlined. The calculated engine performance values for the 
6140D John Deere tractor model are shown as an example in Table 8. A comparison 
between the diesel portion of the NPPPC and predicted performance data for the John 
Deere 6140D, 6330, and 7330 tractor models is shown in figures 13-15.  
	  
	  
	  
	  
48	  
Table 7. Model constants from a model created by Goering et al. (2003), for nine different John 
Deere tractor models 
Modeling Constants for Goering Modeling Technique 
Tractor 
Model 
R2 B0 B1 B2 B3 B4 n 
6100D 0.801 4.526 -6.247 3.278 5.696 -4.269 -0.273 
6130D 0.950 -4.269 43.085 -89.064 76.049 -22.791 -0.281 
6140D 0.929 -0.187 23.297 -50.975 43.575 -12.509 -0.294 
6230 0.972 17.423 48.582 -88.228 74.610 -25.668 -0.703 
6330 0.841 -0.482 80.918 -102.420 44.436 -5.593 -0.626 
6430 0.890 12.648 -29.603 63.375 -56.931 17.899 -0.448 
7230 0.855 -12.332 88.406 -117.080 30.919 17.566 -0.432 
7330 0.623 -14.181 93.400 -108.272 30.111 8.388 -0.468 
7430 0.673 -19.958 98.047 -43.420 -101.462 77.319 -0.468 
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Table 8. Spreadsheet summarizing how the Goering model for the John Deere 6140D 
tractor is formatted so the results can be compared to the diesel section of the 
NPPPC 
 Torque Speed Torque 
Engine 
Speed SFC  Torque Speed Torque 
Engine 
Speed SFC 
 
% of 
Max 
% of 
Max N-m RPM g (kWhr)
-1 
 
% of 
Max 
% of 
Max N-m RPM g (kWhr)
-1 
M
ax
 L
oa
d 
1.0 1.00 563 2400 215 
70
%
 L
oa
d 
0.7 1.00 395 2400 230 
1.0 0.95 588 2300 212 0.7 0.95 412 2300 227 
1.0 0.90 609 2200 209 0.7 0.90 426 2200 223 
1.0 0.85 626 2100 207 0.7 0.85 438 2100 221 
1.0 0.80 644 2000 204 0.7 0.80 450 2000 218 
1.0 0.75 660 1900 203 0.7 0.75 462 1900 216 
1.0 0.70 499 1800 201 0.7 0.70 475 1800 215 
1.0 0.65 677 1700 200 0.7 0.65 484 1700 214 
1.0 0.60 704 1600 200 0.7 0.60 492 1600 213 
90
%
 L
oa
d 
0.9 1.00 507 2400 220 
60
%
 L
oa
d 
0.6 1.00 338 2400 237 
0.9 0.95 530 2300 216 0.6 0.95 354 2300 233 
0.9 0.90 548 2200 213 0.6 0.90 365 2200 230 
0.9 0.85 564 2100 211 0.6 0.85 376 2100 227 
0.9 0.80 579 2000 208 0.6 0.80 386 2000 225 
0.9 0.75 594 1900 206 0.6 0.75 396 1900 223 
0.9 0.70 610 1800 205 0.6 0.70 407 1800 221 
0.9 0.65 624 1700 204 0.6 0.65 415 1700 220 
0.9 0.60 633 1600 204 0.6 0.60 422 1600 220 
80
%
 L
oa
d 
0.8 1.00 450 2400 225 
50
%
 L
oa
d 
0.5 1.00 282 2400 246 
0.8 0.95 470 2300 221 0.5 0.95 294 2300 242 
0.8 0.90 487 2200 218 0.5 0.90 305 2200 238 
0.8 0.85 502 2100 215 0.5 0.85 313 2100 235 
0.8 0.80 515 2000 213 0.5 0.80 321 2000 233 
0.8 0.75 529 1900 211 0.5 0.75 331 1900 231 
0.8 0.70 542 1800 209 0.5 0.70 339 1800 229 
0.8 0.65 555 1700 208 0.5 0.65 346 1700 228 
0.8 0.60 563 1600 208 0.5 0.60 351 1600 227 
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Figure 13. Goering Model output created for John Deere 6140D tractors. Plot shows how 
the diesel NPPPC compared to the 6140D tractor engine at different 
percentages of maximum load. 
 
 
Figure 14. Goering Model output created for John Deere 6330 tractors. Plot shows how 
the diesel NPPPC compared to the 6330 tractor engine at different percentages 
of maximum load.	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Figure 15. Goering Model output created for John Deere 7330 tractors. Plot shows how 
the diesel NPPPC compared to the 7330 tractor engine at different percentages 
of maximum load. 
	  
 Table 9 below shows the BSFC and SVFE values for the engines tested in this 
research using 85% and 90% of maximum engine load (torque) at 1800 rpm. An engine 
speed of 1800 rpm was used in this calculation because it is one of the most common 
operating speeds seen in irrigation pumping plants. At the bottom of Table 9 is a 
combined average of all of the engines. The average was then multiplied by 95% to 
account for losses in the right angle gear drive, as shown in the NPPPC update (Dorn et 
al.,1981). The 3.36 kWh L-1 and 3.41 kWh L-1 are values with units that can be directly 
compared to the diesel portion of the NPPPC. Thus, the value of 3.36 kWh L-1 is the 
proposed update value to the diesel portion of the NPPPC which result in an about 2.5% 
increase in BSFC. 
To determine the 1981 update to the diesel portion of the NPPPC, Dorn et al. 
(1981) took PTO tractor performance data and subtracted off 7.4 % to determine BSFC. 
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The 7.4% was mentioned previously as the estimated power loss through the PTO. The 
average PTO loss calculated from the results of our research and given in the ASAE 
standard D497.4, recommend a PTO power loss closer to 10% (SAE, 2003). For this 
reason the Dorn et al. (1981) procedure was not used to determine the updated value for 
the diesel portion of the NPPPC. The Dorn et al (1981) procedure (and 7.4% PTO loss 
value) was still used to create a direct comparison between tractors/engines now and 
tractors/engines from thirty years ago. The results help to verify the trends of engine fuel 
efficiency over the last thirty years. Forty-one tractors built between 2005 and 2010 were 
analyzed using the techniques developed by Dorn et al. (1981). Table 10 shows the list of 
performance data for these tractors. The results from these forty-one tractors show that 
the fuel efficiency of engines has increased about 3.4% over the last 30 years.  
In the introduction of chapter 2, one piece of evidences that the diesel portion of 
the NPPPC needed to be updated was the high percentage of pumping plants that met or 
exceeded the NPPPC in other regions around the country. The hypothesis was that the 
number of units that met or exceeded the old versus the new criteria would provide 
verification that the criteria had been updated correctly. The result was only a 2-3% 
change. Figure 16 shows how the old and updated criterions compare to the testing done 
in Texas and North Dakota. The normal distribution of the data from Texas and North 
Dakota was verified and is shown graphically in Figure 17. The 2-3% change between 
the old and proposed criteria suggests that the difference between the results from 
Nebraska and other regions is only minimally impacted by improvements in engine fuel 
performance.     
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Table 9. The performance (BSFC and SVFE) of the engines observed in this paper, their 
combined average, and possible updated values for the diesel NPPPC. 
Tractor 
Model 
Engine  
BSFC @ 
85% Load 
and 1800 
RPM 
BSFC @ 
90% Load 
and 1800 
RPM 
SVFE @ 
85% 
Load 
SVFE @ 
90% 
Load 
Diesel 
Density* 
Model, Power, and 
Rated RPM (g kW-1 hr-1) (g kW-1 hr-1) kWh L-1 kWh L-1 g L-1 
6100D 4045 Power Tech E 74 kW @ 2400 rpm 246.7 243.9 3.41 3.45 841.4 
6130D 4045 Power Tech E 93 kW @ 2200 rpm 233.3 230.5 3.63 3.67 845.0 
6140D 4045 Power Tech E 104 kW @ 2400 rpm 207.1 205.0 4.08 4.12 845.0 
6230 4045 Power Tech E 75 kW @ 2400 rpm 260.7 253.7 3.22 3.30 837.6 
6330 4045 Power Tech E 86 kW @ 2400 rpm 247.3 240.9 3.39 3.48 837.6 
6430 4045 Power Tech E 93 kW @ 2400 rpm 235.7 231.1 3.59 3.66 845.6 
7230 6068 Power Tech E 104 kW @ 2400 rpm  247.6 243.3 3.40 3.45 840.0 
7330 6068 Power Tech E 129 kW @2200 rpm 233.0 228.7 3.63 3.70 845.0 
7430 6068 Power Tech E 138 kW @2200 rpm  242.7 238.4 3.46 3.52 840.0 
Right Angle Gear Drive Efficiency 95%   
Average Engine Performance 3.53 3.59   
Updated NPPPC (Engine Performance + Gear Efficiency) 3.36 3.41   
* At the time of the tractor test the fuel density was measured 
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Table 10. A List of PTO Specific Fuel Consumption (PSFC) values for forty-one tractors 
from different manufacturers and models at rated engine speed. Results come 
from the NTTL (Hoy et al., 2012). 
NTTL test results performed between 2005-2010 (No DEF) 
NTTL/OECD 
Test # Tractor Model Rated Speed PSFC Power  
      Hp.hr/gal kW.h/l  BHP 
1912 CNH MAG 275 2000 15.87 3.13 227 
2480 CNH PUMA 115 2200 15.99 3.15 102 
2525 CNH Farmall 105U 2299 15.72 3.10 93 
2449 CNH MAX 125 2197 15.68 3.09 110 
2467 CNH Farmall 65C 2304 16.34 3.22 59 
2501 CNH Farmall 85U 2300 14.21 2.80 68 
1898 CNH MX 215 2000 15.39 3.03 178 
2347 CNH JX1095C 2302 16.15 3.18 84 
1909 CNH STX430 2000 17.06 3.36 385 
2427 CNH PUMA 210 2200 16.28 3.21 190 
2288 Challenger MT455B 2200 15.37 3.03 80 
2433 Challenger MT525B 2201 14.82 2.92 103 
1859A  Challenger MT755C 2100 16.90 3.33 246 
1846A Challenger MT765B 2100 16.04 3.16 266 
1929 Challenger MT955B 2100 16.24 3.20 405 
2333 Challenger MT555B 2199 14.75 2.91 132 
2415 Challenger MT575B 2201 16.88 3.32 171 
2516 Challenger MT455B 2199 15.45 3.04 93 
1861 Challenger MT845B 2100 15.46 3.21 360 
1877 Challenger MT655B 2200 16.64 3.28 225 
1976 MF 2660HD 2199 15.23 3.00 71 
2433 MF 6465 2201 14.82 2.92 103 
2539 MF 5475 2200 15.59 3.07 119 
2536 MF 6480 2200 16.14 3.18 133 
2421 MF 7495 2200 16.75 3.30 163 
2516 MF 5455 2199 15.45 3.04 93 
2531 MF 5470 2200 15.04 2.96 113 
2419 MF 7485 2200 16.86 3.32 146 
2420 MF 7490 2200 16.64 3.28 154 
2546 MF 6475 2200 15.89 3.13 126 
2430 MF 7465 2200 15.11 2.98 104 
2025 JD 5083E 2394 14.66 2.89 70 
1984 JD 6100D 2100 14.70 2.90 85 
1950 JD 6130D 2100 16.06 3.16 108 
2417 JD 6330 2300 16.04 3.16 88 
2237 JD 6215 2298 14.73 2.90 75 
1885 JD 8230 2100 18.13 3.57 204 
1968 JD 8270R 2100 18.50 3.64 229 
1869 JD 5525 2401 14.13 2.78 76 
1951 JD 6140D 2098 16.14 3.18 116 
1941 JD 9330 2098 16.61 3.27 333 
    Average 15.86 3.13 153 
 
 
      
Adjustment per 
Dorn et al. 
(1981) 
17.13 3.38   
  
  
      
	  
	  
	  
	  
55	  
 
Figure 16. Comparison of current NPPPC for diesel engines and the proposed update to 
data from Texas and North Dakota 
 
	  
Figure 17. This plot is a graphical verification of the normal distribution of the combined 
diesel engine performance data from Texas and North Dakota. Each bar in the 
graph is the number of engines operating in the given range of engine 
performance (kWh L-1). 
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2.5 Conclusion 
The proposed value for the updated diesel portion of the NPPPC is 3.36 kW h L-1 
(17.03 horsepower hour gallon-1). This proposed update is supported by the estimate used 
by Dorn et al. (1981). By multiplying the 3.36 kWh L-1 (17.06 hp hr gal-1) by 75% the 
value for the efficiency of the entire pumping plant was calculated to be 2.52 wkW h L-1 
(13.62 whp hr gal-1). While these results show that there has been an increase in engine 
fuel economy since the 1981, the improvement is less extreme than some of the 
examples/evidence presented in the introduction. 
As with the diesel criterion, there is also evidence that the efficiency of natural 
gas and propane powered pumping plants have improved since the original criteria was 
established. Unlike the diesel criterion there is not a large library of test data for propane 
and natural gas powered tractors to utilize in supporting this update. Field test data is 
available from several other regions around the United States. Most of these data sets 
suggest a need to update the performance criteria for the natural gas and propane 
pumping plants as well. This research was not able to include updates to the natural gas 
and propane criteria because the extensive amount of field-testing that would need to be 
performed to support an update.
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Conclusion 
	   Through the combination of Goering’s modeling technique and tractor test data 
engine performance maps could be created for each tractor’s diesel engines. These diesel 
engine performance maps can provide an accurate and more cost effective alternative to 
the traditional procedure of developing an engine performance map. The aspired outcome 
of this research is that, as a result of more accessibility to performance maps, more diesel 
engine applications will utilize performance maps to optimize fuel efficiency. 
 The developed performance maps could be applied to support the updating of the 
diesel portion of the Nebraska Pumping Plant Performance Criteria (NPPPC). Prior 
updates to the NPPPC have required extensive amounts of field-testing to support 
proposed changes to the criteria. The application of the performance maps in this research 
helped to simplify the process to support a purposed change to the diesel portion of the 
NPPPC. The conclusion was to increase the diesel portion of the criteria from 3.27 to 
3.36 kW h L-1. 
There are two changes that would increase the statistical power of the results of 
this research. First, increase the sample size by evaluating more tractor test data sets. 
Second, in addition to the manufacturer’s performance curve also do validation testing on 
the bare engines of each respective tractor.      
A lot of information is available for diesel engine performance through the 
Nebraska Tractor Test Laboratory. These two papers have only explored how this data 
can be put into an utilizable form and then applying it to a specific application. The 
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procedures used in this research have the potential to be used in a vast number of diesel 
engine applications.   
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Appendix A – NTTL Tractor Data 
 
NTTL Tractor Data for 6100D 
Torque Speed PSFC Torque RPM PSFC Torque RPM PSFC 
ft-lb rpm lb/hp-hr ft-lb rpm lb/hp-hr ft-lb rpm lb/hp-hr 
167.4 2189 0.432 97.4 1889 0.485 266.2 1544 0.395 
167.4 2189 0.432 97.4 1889 0.485 266.2 1501 0.395 
167.5 2188 0.433 97.4 1889 0.487 265.8 1501 0.397 
217.5 2101 0.413 198.2 1882 0.405 266.8 1497 0.395 
217.7 2101 0.417 194.8 1882 0.399 266.6 1494 0.397 
217.1 2101 0.414 194.9 1882 0.411 266.9 1451 0.397 
219.5 2101 0.414 194.9 1882 0.411 266.9 1451 0.398 
220.1 2096 0.414 194.8 1882 0.397 267.6 1448 0.397 
170.8 2057 0.424 246.9 1877 0.404 267.0 1446 0.400 
228.5 2030 0.405 247.1 1863 0.398 266.9 1401 0.401 
229.0 2016 0.405 252.0 1851 0.392 267.1 1401 0.401 
231.8 2002 0.404 254.0 1851 0.389 267.7 1398 0.401 
232.0 2002 0.409 252.2 1851 0.396 267.1 1387 0.405 
231.6 2002 0.400 253.2 1851 0.384 262.1 1300 0.412 
231.0 2002 0.404 254.7 1846 0.389 261.9 1300 0.412 
229.4 2002 0.409 198.6 1845 0.400 262.6 1297 0.412 
230.0 2002 0.404 254.3 1845 0.395 260.5 1283 0.416 
231.8 2002 0.399 256.3 1801 0.393 145.8 1261 0.420 
232.4 1997 0.399 255.0 1801 0.394 145.8 1261 0.420 
234.5 1969 0.402 255.6 1801 0.384 219.2 1256 0.392 
178.5 1962 0.413 255.6 1796 0.394 219.2 1256 0.392 
239.0 1956 0.396 256.4 1785 0.394 248.6 1201 0.423 
239.7 1952 0.396 262.3 1702 0.391 250.4 1201 0.418 
240.4 1952 0.400 263.3 1702 0.390 249.1 1201 0.410 
236.4 1952 0.400 262.9 1698 0.391 251.0 1198 0.418 
236.8 1952 0.403 263.7 1689 0.392 249.9 1185 0.434 
240.3 1947 0.396 263.9 1652 0.391 204.6 1180 0.425 
242.2 1940 0.401 264.3 1652 0.392 237.1 1101 0.436 
240.4 1926 0.400 264.5 1652 0.383 235.0 1101 0.410 
109.2 1924 0.458 264.6 1648 0.391 235.5 1101 0.434 
196.5 1909 0.404 263.8 1645 0.396 236.1 1099 0.434 
245.0 1900 0.399 262.5 1600 0.397 236.0 1092 0.439 
248.0 1900 0.390 262.7 1600 0.394 231.6 1052 0.442 
247.4 1900 0.397 263.6 1600 0.394 229.6 1052 0.427 
245.0 1900 0.399 264.2 1596 0.394 229.7 1052 0.435 
248.4 1900 0.387 264.4 1593 0.395 229.7 1052 0.409 
247.0 1900 0.385 265.8 1550 0.395 230.2 1049 0.427 
249.0 1896 0.387 265.7 1550 0.396 
   248.5 1891 0.389 266.4 1547 0.395 
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NTTL Tractor Data for John Deere 6130D 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
270.8 2100 0.439 
 
338.6 1620 0.420 
270.7 2100 0.442 340.9 1601 0.416 
270.6 2100 0.440 340.9 1601 0.416 
270.6 2100 0.440 340.4 1601 0.416 
236.3 2086 0.447 341.0 1600 0.418 
236.3 2086 0.446 338.4 1511 0.408 
236.3 2086 0.446 337.3 1499 0.404 
236.3 2083 0.463 337.3 1499 0.404 
277.3 2069 0.433 337.1 1499 0.407 
278.0 2066 0.436 340.2 1457 0.404 
278.2 2066 0.434 340.8 1450 0.399 
278.2 2066 0.434 340.8 1450 0.399 
276.5 2066 0.441 340.9 1450 0.400 
277.9 2066 0.431 343.4 1409 0.392 
277.5 2065 0.436 343.8 1400 0.395 
276.7 2065 0.440 343.8 1400 0.395 
276.7 2065 0.440 344.4 1400 0.396 
281.3 2051 0.433 342.3 1358 0.393 
281.8 2049 0.433 341.6 1351 0.394 
281.9 2049 0.428 341.6 1351 0.394 
281.9 2049 0.429 341.8 1351 0.394 
281.9 2049 0.429 339.6 1306 0.396 
301.4 1915 0.429 339.0 1299 0.393 
303.3 1900 0.424 339.0 1299 0.393 
303.3 1900 0.424 339.4 1299 0.395 
303.1 1900 0.426 331.4 1207 0.401 
239.7 1896 0.448 330.2 1200 0.400 
239.7 1896 0.448 330.0 1200 0.397 
239.7 1896 0.448 330.0 1200 0.397 
239.7 1896 0.444 318.0 1113 0.408 
316.1 1813 0.423 315.9 1101 0.409 
318.0 1799 0.421 316.0 1101 0.409 
318.1 1799 0.417 316.0 1101 0.409 
317.8 1799 0.420 298.6 1007 0.425 
317.8 1799 0.420 297.3 1000 0.425 
331.2 1715 0.413 297.5 1000 0.416 
333.8 1700 0.416 297.9 999 0.422 
333.5 1700 0.416 297.9 999 0.422 
333.5 1700 0.416 
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NTTL Tractor Data for John Deere 6140D 
Torque RPM PSFC 
 
Torque RPM PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
244.48 2132 0.462 
 
335.83 1722 0.414 
199.56 2099 0.477 336.49 1699 0.413 
292.48 2098 0.432 336.47 1699 0.414 
291.14 2098 0.440 343.26 1614 0.412 
253.28 2086 0.445 344.25 1598 0.411 
253.30 2086 0.445 344.25 1598 0.411 
253.30 2086 0.445 342.49 1514 0.403 
261.86 2083 0.442 342.18 1499 0.401 
294.99 2065 0.429 342.33 1499 0.402 
298.71 2065 0.431 340.79 1454 0.397 
295.32 2065 0.424 340.80 1449 0.398 
295.32 2065 0.424 340.12 1421 0.395 
301.21 2048 0.428 339.25 1400 0.392 
256.37 2040 0.450 339.78 1400 0.393 
260.06 1904 0.445 335.86 1320 0.394 
319.08 1900 0.413 291.16 1311 0.409 
258.83 1894 0.447 335.79 1299 0.394 
327.88 1833 0.418 335.38 1299 0.389 
332.20 1799 0.413 334.47 1299 0.386 
331.99 1798 0.415 208.36 1293 0.423 
242.06 1738 0.427 
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NTTL Tractor Data for John Deere 6230 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
186.57 2299 0.446 271.31 1500 0.398 
197.85 2250 0.432 271.76 1500 0.387 
205.50 2219 0.431 277.92 1543 0.380 
211.36 2199 0.427 278.21 1548 0.383 
230.51 2099 0.411 275.87 1584 0.389 
236.36 2048 0.407 274.61 1599 0.383 
240.69 1999 0.403 274.61 1599 0.391 
248.93 1947 0.403 197.87 2252 0.434 
256.04 1899 0.397 198.30 2250 0.436 
261.31 1848 0.395 204.64 2223 0.429 
267.45 1799 0.395 205.20 2220 0.431 
272.32 1699 0.392 206.38 2217 0.424 
274.61 1599 0.389 273.37 1687 0.393 
278.67 1548 0.380 272.32 1699 0.393 
270.86 1500 0.384 211.01 2198 0.429 
271.79 1400 0.386 211.13 2199 0.423 
268.21 1300 0.387 222.28 2147 0.417 
186.57 2299 0.446 222.63 2148 0.419 
197.85 2250 0.432 268.99 1780 0.397 
205.50 2219 0.431 240.43 1999 0.408 
211.36 2199 0.427 230.43 2089 0.415 
230.51 2099 0.411 240.60 2002 0.406 
236.36 2048 0.407 267.78 1799 0.397 
240.69 1999 0.403 267.64 1800 0.393 
248.93 1947 0.403 260.99 1848 0.396 
256.04 1899 0.397 228.14 2116 0.413 
261.31 1848 0.395 264.30 1827 0.395 
267.45 1799 0.395 236.28 2047 0.408 
272.32 1699 0.392 230.51 2099 0.415 
274.61 1599 0.389 230.51 2099 0.435 
278.67 1548 0.380 248.52 1948 0.403 
270.86 1500 0.384 230.76 2099 0.420 
271.79 1400 0.386 230.76 2099 0.402 
268.21 1300 0.387 247.19 1962 0.403 
268.66 1300 0.388 231.21 2099 0.415 
268.66 1300 0.386 231.21 2099 0.410 
271.32 1369 0.389 231.21 2099 0.431 
271.79 1400 0.384 230.70 2104 0.412 
271.79 1400 0.389 236.90 2050 0.402 
271.67 1425 0.387 257.38 1888 0.398 
270.86 1500 0.416 255.09 1906 0.398 
271.04 1499 0.371 256.04 1899 0.398 
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NTTL Tractor Data for John Deere 6330 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
274.3 1298 0.418 
 
248.2 1999 0.439 
274.3 1298 0.418 
 
248.2 1999 0.439 
276.9 1400 0.425 
 
272.0 1801 0.439 
276.9 1400 0.425 
 
272.0 1801 0.439 
278.7 1500 0.432 
 
241.5 2049 0.442 
278.7 1500 0.432 
 
241.5 2049 0.442 
281.8 1551 0.435 
 
279.3 1698 0.442 
281.8 1551 0.435 
 
279.3 1698 0.442 
266.9 1849 0.435 
 
276.6 1650 0.445 
266.9 1849 0.435 
 
276.6 1650 0.445 
261.4 1899 0.437 
 
235.1 2100 0.453 
261.4 1899 0.437 
 
235.1 2100 0.453 
254.6 1951 0.438 
 
218.5 2200 0.465 
254.6 1951 0.438 
 
218.5 2200 0.465 
282.6 1599 0.439 
 
197.8 2299 0.486 
282.6 1599 0.439 
 
197.8 2299 0.486 
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NTTL Tractor Data for John Deere 6430 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
233.5 2296 0.465 
 
252.1 2203 0.447 
251.8 2204 0.446 254.0 2194 0.445 
253.4 2197 0.445 264.8 2150 0.437 
277.1 2095 0.432 276.6 2095 0.432 
285.6 2047 0.424 279.3 2084 0.432 
292.5 1996 0.423 285.6 2047 0.425 
298.1 1944 0.423 287.6 2035 0.426 
303.9 1896 0.424 293.1 1995 0.421 
315.2 1797 0.417 292.5 1996 0.423 
319.7 1696 0.421 293.4 1989 0.422 
318.4 1647 0.424 298.1 1944 0.427 
326.0 1597 0.424 297.8 1946 0.423 
325.6 1548 0.418 298.9 1936 0.424 
324.5 1498 0.415 303.9 1896 0.424 
319.0 1399 0.414 309.0 1858 0.422 
312.4 1297 0.415 314.8 1797 0.419 
234.4 2296 0.465 316.7 1772 0.419 
233.5 2296 0.465 319.7 1696 0.422 
251.8 2204 0.446 322.0 1669 0.422 
253.4 2197 0.445 326.6 1596 0.425 
277.1 2095 0.432 326.4 1595 0.423 
285.6 2047 0.424 326.7 1580 0.421 
292.5 1996 0.423 326.1 1548 0.422 
298.1 1944 0.423 325.1 1557 0.418 
303.9 1896 0.424 318.3 1696 0.425 
315.2 1797 0.417 318.6 1655 0.427 
319.7 1696 0.421 318.4 1647 0.427 
318.4 1647 0.424 321.4 1597 0.426 
326.0 1597 0.424 325.2 1497 0.418 
325.6 1548 0.418 324.8 1497 0.414 
324.5 1498 0.415 320.6 1420 0.417 
319.0 1399 0.414 318.8 1398 0.415 
312.4 1297 0.415 318.6 1377 0.420 
233.1 2296 0.465 312.2 1296 0.413 
233.6 2295 0.467 312.1 1298 0.416 
240.1 2263 0.458 262.6 1799 0.438 
251.6 2206 0.448 245.8 2108 0.436 
251.7 2205 0.448 
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NTTL Tractor Data for John Deere 7230 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
255.1 2300 0.438 
 
364.8 1403 0.381 
276.2 2220 0.429 364.2 1301 0.376 
282.4 2205 0.422 254.4 2301 0.441 
309.9 2101 0.415 277.5 2220 0.426 
334.4 2000 0.408 283.0 2202 0.423 
342.3 1951 0.411 309.8 2101 0.415 
348.6 1902 0.409 334.6 2000 0.410 
365.5 1800 0.410 340.5 1951 0.413 
366.5 1752 0.417 340.9 1951 0.411 
368.7 1701 0.419 349.2 1900 0.410 
368.3 1651 0.409 364.5 1800 0.413 
367.6 1602 0.399 364.3 1801 0.410 
363.0 1500 0.389 365.5 1801 0.410 
364.8 1403 0.381 366.0 1802 0.409 
364.2 1301 0.376 366.5 1751 0.416 
255.6 2301 0.453 369.0 1701 0.422 
255.1 2300 0.438 368.9 1702 0.419 
276.2 2220 0.429 369.0 1700 0.418 
282.4 2205 0.422 368.2 1653 0.410 
309.9 2101 0.415 367.5 1650 0.410 
334.4 2000 0.408 368.4 1603 0.397 
342.3 1951 0.411 366.8 1601 0.398 
348.6 1902 0.409 363.6 1501 0.388 
365.5 1800 0.410 363.4 1502 0.386 
366.5 1752 0.417 365.2 1398 0.380 
368.7 1701 0.419 365.6 1302 0.373 
368.3 1651 0.409 364.2 1301 0.377 
367.6 1602 0.399 365.9 1302 0.373 
363.0 1500 0.389 363.7 1302 0.377 
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NTTL Tractor Data for John Deere 7330 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb rpm lb/hp-hr 
 
ft-lb rpm lb/hp-hr 
464.2 1449 0.412 
 
433.0 1700 0.413 
463.6 1499 0.420 432.9 1700 0.410 
463.6 1499 0.420 429.6 1721 0.410 
462.9 1499 0.421 423.7 1750 0.412 
462.4 1449 0.414 423.4 1750 0.409 
462.4 1449 0.414 423.4 1750 0.409 
461.1 1459 0.417 420.5 1759 0.410 
458.1 1517 0.420 408.6 1800 0.410 
454.2 1415 0.412 408.0 1800 0.410 
453.6 1400 0.406 408.0 1800 0.410 
453.6 1400 0.406 392.6 1871 0.413 
453.5 1400 0.407 386.4 1898 0.412 
452.0 1387 0.406 386.2 1899 0.411 
448.9 1350 0.403 386.2 1899 0.411 
448.9 1350 0.403 380.9 1921 0.413 
448.3 1300 0.402 366.4 1972 0.417 
447.8 1312 0.404 360.3 2000 0.416 
447.7 1300 0.402 360.3 2000 0.416 
447.7 1300 0.402 360.1 2000 0.417 
447.4 1350 0.405 356.9 2010 0.417 
446.9 1599 0.416 356.8 2010 0.416 
446.9 1599 0.416 356.8 2010 0.416 
446.9 1599 0.416 344.0 2045 0.423 
446.9 1350 0.404 324.0 2098 0.434 
444.4 1623 0.414 324.0 2098 0.434 
433.5 1700 0.413 323.8 2100 0.433 
433.0 1700 0.413 
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NTTL Tractor Data for John Deere 7430 
Torque Speed PSFC 
 
Torque Speed PSFC 
ft-lb RPM lb/hp-hr 
 
ft-lb RPM lb/hp-hr 
353.8 2098 0.406 
 
510.4 1503 0.393 
407.4 2000 0.395 507.6 1400 0.378 
422.8 1959 0.392 508.7 1302 0.371 
443.5 1900 0.389 353.5 2097 0.410 
454.4 1853 0.389 355.4 2097 0.406 
469.0 1798 0.391 354.8 2098 0.409 
482.3 1752 0.390 354.4 2097 0.407 
500.0 1700 0.394 407.3 2000 0.396 
506.7 1651 0.400 421.1 1959 0.395 
511.9 1602 0.409 442.6 1901 0.388 
504.7 1552 0.408 440.4 1901 0.390 
510.4 1503 0.393 442.3 1900 0.389 
507.6 1400 0.378 454.3 1853 0.389 
508.7 1302 0.371 468.6 1798 0.390 
504.7 1201 0.368 482.0 1752 0.391 
352.9 2101 0.409 499.8 1699 0.396 
353.8 2098 0.406 499.0 1700 0.394 
407.4 2000 0.395 507.6 1650 0.401 
422.8 1959 0.392 512.7 1602 0.411 
443.5 1900 0.389 511.3 1602 0.409 
454.4 1853 0.389 505.8 1552 0.407 
469.0 1798 0.391 506.0 1551 0.406 
482.3 1752 0.390 510.3 1504 0.395 
500.0 1700 0.394 508.3 1400 0.378 
506.7 1651 0.400 506.8 1398 0.377 
511.9 1602 0.409 507.9 1303 0.371 
504.7 1552 0.408 508.8 1303 0.372 
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Appendix B – Modeling Manufacturer’s Engine Performance Curve  
 
The tables contained in this Appendix provide the numerical results of comparing each 
modeling technique to the engine performance curve of individual engines. Each table 
contains a section for the values of the performance curve and the predicted values of the 
de Souza, Goering, and Jahns models. Within each section is a column labeled BSFC 
under which are the predicted values for that respective model. Next to the BSFC column 
is the subtracted difference between the predicted and observed values at each speed and 
torque combination. 
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Appendix C 
This appendix shows the predicted values used to create the performance maps for each 
of the tractor models evaluated. In the left column of each table is the power curve, the NPPPC 
diesel criteria value (.425 lb/hp-hr), and then several values of BSFC. The BSFC values were 
selected to cover the entire performance operating envelope of each respective engine.  
 Some of the BSFC values have engine speeds where torque values are not calculated. 
Torque values were only calculated within the operating envelope of the engine. The blank cells 
are outside of the operating limits of the engine. 
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